The current technological status of ultraviolet light emitting diodes (UV-LEDs) has reached a point where small-scale ultraviolet (UV) water disinfection applications, that is, for greywater reuse appear increasingly promising. This study compares the germicidal and economical aspects of UV-LEDs with traditional UV. Pure cultures and environmental greywater samples were exposed to different radiation doses from both UV sources with the germicidal effect comparative at equivalent doses. The impact of particle size on disinfection efficiency was investigated in two greywater fractions of varying mean particle size. Disinfection efficiency was found to be dependent on particle size with larger particles reducing microbial inactivation for both UV sources.
INTRODUCTION
Greywater is becoming an increasingly important aspect of urban water reuse schemes, providing sustainable reductions in demand on fresh water sources (Casani () reported for a dose of 5.8 mJ cm À2 log inactivations of 3.0, 2.4 and 3.2 for total coliforms, E. coli and Enterococci, respectively. Complete inactivation was achieved at 277 mJ cm À2 for E. coli and Enterococci while total coliforms were enumerated at 1.0 ± 0.2 log 10 culturable cells per 100 mL À1 . Friedler & Gilboa () reported that a dose of 69 mJ cm À2 in combination with biological treatment using a rotating biological contactor prior UV disinfection successfully inactivated Staphylococcus aureus present in greywater (10 4 CFU mL À1 ), used for toilet flushing.
One of the factors with a major impact on the efficiency of disinfection is the presence of particles. Particles interfere with UV transmittance by scattering (Qualls et al. ) and absorbing light (Templeton et al. ) as well as by shielding particle-associated organisms from exposure (Caron et al. ; Winward et al. ) . Shielding is well documented for particle-associated coliforms (PACs) with particle size being an important parameter (Cantwell & Hofmann ) . It has been suggested that viruses can be shielded Despite its obvious advantages, the implementation of UV disinfection is currently hampered by the high energy demand and associated costs of traditional UV (Chatterley & Linden ) . The prospect of greatly lowering these costs by economically efficient UV-light emitting diodes (UV-LEDs) has therefore received considerable attention (Würtele et al.  
METHODS

Traditional UV and UV-LED sources
Two distinct devices were used as sources of traditional UV and UV-LEDs (Figure 1 ). Traditional UV radiation was generated by a collimated beam device (Wedeco AG, Germany) which consisted of four low pressure (LP) mercury lamps emitting UV radiation at 254 nm, controlled by a pneumatic shutter. UV-LED radiation was generated by 21 individual 255 nm LED photodiodes (UVTOP.TO39/FW; Sensor Electronic Technology Inc, USA) which were positioned in three parallel circuits, each consisting of seven LEDs. The LEDs were soldered to a plate connected to a power source (Agilent Tech. E3612A, Direct Current) with a current setting of 60 mA, allowing each set of seven LEDs to receive 20 mA, as specified by the UV-LED manufacturer.
Normalisation of UV doses from different UV sources
For normalisation of UV doses, the emitted light intensity from each UV source was calculated using potassium ferrioxalate (K 3 [Fe(C 2 O 4 ) 3 ]) actinometry in deionised water following the procedure of Lam et al. () . UV intensities were found to be 2.44 and 0.099 mW cm À2 for the collimated beam and UV-LEDs, respectively. The UV dose was normalised by varying the exposure time as suggested by Bolton & Linden () . Due to the distinct configurations of the two UV light sources, each required different sized Petri dishes.
The traditional UV beam used a 20 cm diameter dish while the UV-LED unit used a 10 cm diameter dish. Volumes of 250 mL (traditional UV) and 50 mL (UV-LED) were chosen to provide a uniform 1 cm sample depth, which according to Lam et al. () , provides a UV absorbance of 99%.
UV inactivation experiments
Pure culture exposure E. coli (ATCC 25922) was grown for 16 hours at 37 W C in Tryptone Soy Broth (TSB; Oxoid, UK) on a rotary shaker at 120 rpm. The culture was diluted with TSB to an optical density at 600 nm (OD 600 ) of 1.0. Cell suspensions of 25 mL (traditional UV) and 5 mL (UV-LED) were harvested and diluted 10-fold in phosphate-buffered saline (PBS, pH 7.4) to
give suspensions of 250 mL and 50 mL, respectively, which were transferred into Petri dishes. Prior to exposure suspensions were stirred for 10 s using a magnetic stir-bar (40 × 8 mm for the collimated beam and 15 × 4.5 mm for the UV-LEDs), with continuous stirring during the exposure.
After reaching the desired radiation dose, aliquots of 0.5 mL were taken and stored on ice until further processing. After UV exposure, aliquots of cell suspensions were transferred into the top row of sterile 96-well plates (Fischer Scientific Ltd, UK). Dilutions were made by stepwise mixing of 10 μL of cell suspension with 90 μL of sterile PBS, pre-distributed into the lower rows using a multichannel pipette. For each undiluted or diluted suspension, a 3 μL volume was subsequently spotted on a plate containing TSA and incubated at room temperature for 24 hours. Colonies on plates were visualised using a G-Box imaging system (Syngene, UK).
Greywater inactivation
Greywater samples were collected from 18 specially plumbed residential properties located at Fedden House on the Cranfield University Campus. Greywater was collected using a dip-sample from a circular holding tank fed USA) were used for enumeration of Enterococci.
Particles and UV inactivation
Greywater was settled in a 5 L settling column, 2 m in height, with taps at 1 L intervals to create varying fractions of mean particle size. Settlement was carried out for 2 hours, creating a gradient of smaller particles at the top of the column, while larger particles, which settled at a faster rate, were at the base of the column. Following settlement, the top 2 L were withdrawn to provide a greywater fraction without large particles. In addition, an unfractionated sample of raw greywater was also used to assess the impact of larger particles being present. Particle size distribution analysis was carried out for the unsettled greywater as well as the settled fraction, in addition to water quality measurements. Both the settled and unsettled fractions were exposed to 41 mJ cm À2 from each UV source, based on the inactivation curves produced from the greywater exposure. Subsequently half of the exposed greywater samples were blended to disperse PACs, demonstrating the impact of particles on coliform survival following UV exposure. Blending was carried out using a heat-sterilised blender (KitchenAid, model No. 5KSB52BBU4) and
blended for 60 s at low speed. Between fractions the blender was rinsed three times with deionised water and heat-sterilised with boiling water to prevent cross contamination.
Total coliforms were enumerated using IDEXX Colisure and Quanti-Tray 2000 (Maine, USA).
Water quality analysis
Water quality measurements for biological and chemical oxygen demand (BOD/COD) and total suspended solids (TSS) were carried out using Standard Methods (APHA ). Measurements of particle size distributions were performed using a Mastersizer 2000 (Malvern, UK), which according to the manufacturer has minimum and maximum detection limits of 0.2 μm and 2,000 μm, respectively.
Samples were analysed five times, using a measurement time of 25 s at a refractive index of 1.52, and subsequently averaged for particle size distributions. Data were provided as volume weighted means (D[3/4]) as well as D10, D50
and D90 values with each referring to the diameter below which lies the indicated percentage of total particles present in the sample.
Cost analysis
An approach described previously by Ibrahim et al. () was applied here to predict the economic cost of UV-LED in comparison to the traditional UV. TOTEX (total expenditure) was used to assess the future economic viability of UV-LED systems in comparison to the traditional UV for two different scenarios: single house disinfection for greywater recycling that included non-spray applications such as toilet flushing and garden irrigation and a greywater recycling system in a medium-sized hotel (March 2004) . In both cases, the TOTEX was calculated over a 15 year period taking into consideration the 
RESULTS AND DISCUSSION
Pure culture exposure
In an initial experiment, cell suspensions of E. coli were exposed to UV doses ranging from 0 to 300 mJ cm À2 using For UV-LEDs, at 75 mJ cm À2 there seems to be marginally more growth than at 50 mJ cm À2 (at 0 and 10 dilution factor) but the observed overall trend was clear with cultur- However, respective doses required to achieve these levels of inactivation were 315 and 14.4 J cm À2 , significantly higher than the UV dose range applied in the present study. 
UV inactivation of greywater
To further compare the disinfection efficiency of the two UV sources, environmental greywater was exposed to UV radiation ranging from 0 to 120 mJ cm À2 from both traditional UV and UV-LEDs followed by enumeration of indicator organisms (Figure 3 ). Concentrations of indicator organisms (per 100 mL) prior to UV exposure were 1.7 × 10 6 , 1 × 10 4 and 7 × 10 2 CFU for total coliforms, E. coli and Enterococci, respectively. UV disinfection efficiencies appeared comparable for both UV sources. Total coliforms showed >5-log inactivation for doses of 120 mJ cm À2 independent of the UV source, while E. coli and Enterococci were completely inactivated after applying a dose of 41 mJ cm À2 . For total coliforms, the inactivation curves shown in Figure 3 
Particle impact on UV disinfection efficiency
To assess the impact of particle size on disinfection efficiency, greywater was allowed to settle for 2 hours in a column to achieve stratification into fractions with different particle sizes. The top 2 L were removed and compared with the same greywater which had not undergone settling. Particle size distributions are shown in Figure 4 with mean particle sizes of 32 μm (settled) and 170 μm (unsettled). The distinctness of the two fractions was reflected in the D10, D50 and D90 values shown in Table 1 with each D-value referring to the particle size below which lies a percentage of the total particles present in the sample. The D90
values suggested that 90% of particles were smaller than 35 μm (settled) and 475 μm (unsettled). In the unsettled greywater, the largest particle size detected exceeded 2,000 μm.
Water quality analysis of the two fractions showed that water quality slightly decreased with increasing particle size. TSS increased from 51 to 60 mg L À1 and BOD from 53 to 58 mg L À1 , while COD showed the strongest increase from 83 to 97 mg L À1 .
Both greywater fractions (settled and unsettled) were subjected to a UV dose of 41 mJ cm À2 followed by enumeration of total coliforms without or with post-UV blending ( Figure 5 ).
Blending was performed to investigate the extent of protection of particle-associated bacteria with dispersed cells being able to be enumerated individually. For non-UV exposed samples, blending resulted in a slight increase in total coliform counts for both fractions suggesting particle associations of 30% (32 μm fraction) and 25% (170 μm fraction). UV Comparing the efficiencies of the two UV sources, a discrepancy was found for the unblended and blended fractions. For the unblended fractions, total coliform counts were lower after exposure with traditional UV compared to UV-LED suggesting that traditional UV in our experimental setup was a more effective source for disinfection. Blending of samples after UV irradiation, on the other hand, modified this picture. Total coliform counts substantially increased for fractions exposed to traditional UV while undergoing only a very modest increase for fractions exposed to UV-LED. As a result, numbers of surviving coliforms were similar for the two UV sources for the greywater with a mean particle size of 32 μm, whereas for greywater with a mean particle size of 170 μm UV-LEDs produced lower counts than traditional UV. Results suggest that disinfection by traditional UV was more affected by the presence of large particles than disinfection by UV-LEDs. Although these results require (below detection limits) to be achieved by 120 mJ cm À2 , enabling tighter standards to be met.
UV-LEDs versus traditional UV: cost analysis
The experimental work has demonstrated that use of UV-LED is equally effective as traditional UV, such that consideration of its future uptake becomes one of economic and practical consideration. UV-LED technology has been limited by low power outputs and short bulb lifetimes (Würtele et al. ) , which in conjunction with high unit costs currently prohibits its implementation. The available UV-LED bulbs' output currently remains below 1 mW per bulb ( Table 2) Brownell et al. (2008) . such that the single tube systems can be seen as effective for a wide range of potential greywater applications. As mentioned previously, only 20 mJ cm À2 dose would be required based on this study to achieve the guidance values as recommended in the British greywater reuse standard (EA ). Our results suggest that for both a single house and a medium-sized hotel application, UV-LEDs will reach cost neutrality with a traditional UV in 2-3 years ( Figure 6) , and in 2020 the TOTEX (over 15 years' lifetime) of the UV component in the disinfection system for a single house and a medium-sized hotel will be £17 and £72, respectively.
